INTRODUCTION
Ins (1, 4, 5) P $ is a second messenger used by many cell types to release Ca# + from internal stores [1] . Ins (1, 4, 5) P $ binds at the Nterminus of the Ins(1,4,5)P $ receptor (InsP $ R), whereas the channel region is located at the C-terminus. There is a large transducing domain between the Ins(1,4,5)P $ binding region and the channel region [2] . A number of regulatory sites are proposed to reside in this transducing region, including adenine-nucleotidebinding sites. In the type I InsP $ R, two or three putative adeninenucleotide-binding sites have been proposed, depending on the splice isoform [2] [3] [4] [5] .
ATP in the millimolar range can displace Ins(1,4,5)P $ from its binding site and thereby inhibit Ins (1, 4, 5) P $ -induced Ca# + release [6] . The [ATP] needed to inhibit the InsP $ R seems to vary [6] [7] [8] [9] [10] . These divergent values may be related to differences in the [Ins (1, 4, 5) P $ ] used, to differences in assay conditions, or to differences in InsP $ Rs expressed in the various cell types. Adenine nucleotides can also interact with the InsP $ R with high affinity and this results in a more pronounced Ca# + release in the presence of Ins(1,4,5)P $ . The nature of the stimulation is, however, unclear. Kaplin et al. [8] reported that stimulatory ATP concentrations did not affect the B max and K d of [$H]Ins (1, 4, 5) P $ binding, whereas Spa$ t et al. [11] observed an increase in specific [$H]Ins (1, 4, 5) P $ binding by ATP. It is unclear whether the latter effect represented an effect on the B max or on the K d and whether the increased [$H]Ins (1, 4, 5) P $ binding represented binding to the active or the inactive conformation of the InsP $ R [12, 13] . Although stimulatory effects of ATP on Ca# + release at various Ins (1, 4, 5) P $ concentrations have been described [7, 10, 14] , determination of the Ca# + release at near-threshold concentrations Abbreviations used : InsP 3 R, myo-inositol 1,4,5-trisphosphate receptor ; Ap 2 A, Ap 3 A, Ap 4 A, Ap 5 A, Ap 6 A, di(adenosine-5h)pyro-, tri-, tetra-, penta-, hexaphosphate; PAPS, 3h-phosphoadenosine 5h-phosphosulphate; ara-ATP, 9- supra-threshold Ins(1,4,5)P $ concentrations by increasing the cooperativity of the release process. Inhibition of the Ins(1,4,5)P $ induced Ca# + release at higher ATP concentrations was associated with a further increase in co-operativity and also with a shift in threshold towards higher Ins(1,4,5)P $ concentrations. ATP had no effect on the non-specific Ca# + leak in the absence of Ins(1,4,5)P $ . We conclude that the adenine-nucleotide-binding site can be activated by many different adenine nucleotides. Binding of these compounds to the transducing domain of the Ins (1, 4, 5) (1, 4, 5) P $ concentrations at the upper end of the dose-response curve are tested to accurately determine the maximal release.
We have now characterized the effects of adenine nucleotides on the InsP $ R in permeabilized A7r5 smooth-muscle cells. Many adenine nucleotides activated the InsP $ R and some of them were even more effective than ATP. In order to find out how these nucleotides modulated Ins(1,4,5)P $ -induced Ca# + release, we have accurately measured the response of permeabilized A7r5 cells to a progressively increasing [Ins (1, 4, 5) P $ ]. Stimulatory ATP and di(adenosine-5h)pentaphosphate (Ap & A) concentrations had no effect on the threshold [Ins (1, 4, 5) P $ ] for initiating Ca# + release. In contrast, Ca# + release at each supra-threshold [Ins (1, 4, 5) P $ ] was enhanced by ATP and Ap & A as a result of an increase in cooperativity. The inhibitory effect of ATP was associated with a shift in threshold towards higher Ins(1,4,5)P $ concentrations. We conclude that the adenine-nucleotide-binding site can be activated by many different adenine nucleotides, including (3h-phospho)adenosine 5h-phosphosulphate (PAPS), CoA, di(adenosine-5h)tetraphosphate (Ap % A) and Ap & A. They increase the efficiency of transmitting Ins(1,4,5)P $ binding to channel opening, apparently by increasing the co-operativity of the release process.
MATERIALS AND METHODS
A7r5 cells from embryonic rat aorta were used between the 7th and the 19th passage after receipt from the American Type Culture Collection (Bethesda, MD, U.S.A.) and subcultured weekly by trypsin treatment. The cells were cultured at 37 mC in a 9 % CO # incubator in Dulbecco's modified Eagle's medium, supplemented with 10 % (v\v) fetal-calf serum, 3.8 mM glutamine, 0.9 % (v\v) non-essential amino acids, 85 units\ml penicillin and 85 µg\ml streptomycin. The cells were seeded in 12-well dishes (4 cm# ; Costar Europe, Badhoevedorp, The Netherlands) at a density of approx. 10% cells\cm#.
%&Ca#+ fluxes on permeabilized cells were studied on a thermostatically controlled plate at 25 mC. The culture medium was aspirated and replaced by 1 ml of permeabilization medium containing 120 mM KCl, 30 mM imidazole\HCl (pH 6.8), 2 mM MgCl # , 1 mM ATP, 1 mM EGTA and 20 µg\ml saponin. The saponin-containing solution was removed after 10 min and the cells were washed once with a similar saponin-free solution. %&Ca#+ uptake into the non-mitochondrial Ca# + stores was accomplished by incubation for 60 min in 2 ml of loading medium containing 120 mM KCl, 30 mM imidazole\HCl (pH 6.8), 5 mM MgCl # , 5 mM ATP, 0.44 mM EGTA, 10 mM NaN $ and 100 nM free %&Ca#+. After this phase of %&Ca#+ accumulation, the monolayers were incubated in 1 ml of efflux medium containing 120 mM KCl, 30 mM imidazole\HCl (pH 6.8) and 1 mM EGTA. Additions of Ins(1,4,5)P $ or adenine nucleotides are indicated in the Figures and Tables below. This efflux medium was replaced each 2 min or each 6 s. The latter was done by automatically transferring the efflux medium from the cells into scintillation vials using a high-speed P-50 Pump (Pharmacia Biotech, Sweden) connected to a Pharmacia LKB:SuperFrac fraction collector. At the end of the experiment the %&Ca#+ remaining in the stores was released by incubation in 1 ml of 2 % (w\v) SDS for 30 min.
RESULTS

Effect of adenine nucleotides on Ins(1,4,5)P 3 -induced Ca 2 + release
Permeabilized A7r5 cells loaded to equilibrium with %&Ca#+ slowly lost their accumulated %&Ca#+ during incubation in efflux medium. A short exposure to 1 µM Ins(1,4,5)P $ accelerated the rate of Ca# + loss (Figure 1 , #). The release was enhanced if 1 mM ATP was added at the time of Ins(1,4,5)P $ addition (Figure 1 , $). Although ATP is likely to power the Ca# + pumps, it is unlikely that the stimulatory effect of ATP represented an effect on the Ca# + pumps, since the free [Ca# + ] in the efflux medium was too low to stimulate the pumps. In addition, a
Figure 1 Effect of ATP on Ins(1,4,5)P 3 -induced Ca 2 + release
Non-mitochondrial Ca 2 + stores, loaded to steady state with 45 Ca 2 + , were incubated in efflux medium for 10 min, at which time 1 µM Ins(1,4,5)P 3 with ($) or without (#) 1 mM ATP was added for 2 min, as indicated by the horizontal bar. Ca 2 + release was plotted as fractional loss, i.e. the amount of Ca 2 + leaving the stores in 2 min divided by the total store Ca 2 + content at that time. Typical for 74 independent experiments each performed in duplicate. Table 1 Effect of adenine-containing compounds on Ins (1, 4, 5 )P 3 -induced Ca 2 + release Stimulation of Ins(1,4,5)P 3 (1 µM)-induced Ca 2 + release by 1 mM of the indicated compounds, added at the time of Ins(1,4,5)P 3 addition, was determined as in Figure 1 . The stimulation was calculated as the increase in fractional loss in the presence of 1 µM Ins(1,4,5)P 3 plus the indicated adenine nucleotide relative to the increase in fractional loss in the presence of 1 µM Ins(1,4,5)P 3 in the absence of the adenine nucleotide. Values are meanspS.E.M. for the number of observations given in parentheses.
Compound
Stimulation
similar stimulation by ATP was observed in the presence of 2 µM thapsigargin (results not shown). These findings suggest that ATP stimulated Ins(1,4,5)P $ -induced Ca# + release. In the particular experiment of Figure 1 , 1 µM Ins(1,4,5)P $ increased the rate of release from 8 to 46 % per 2 min in the absence of ATP and from 8 to 88 % per 2 min in the presence of 1 mM ATP. The increase in rate of Ca# + release in the presence of ATP was therefore 80 % per 2 min, whereas the increase observed in the absence of ATP was 38 % per 2 min. The additional stimulation induced by 1 mM ATP (i.e. 80 %k38 % l 42 %) over and above that given by 1 µM Ins(1,4,5)P $ alone (i.e. 38 %) was therefore 111 % in this particular experiment. A similar protocol was used to test the percentage stimulation by a whole series of adenine nucleotides ( A exerted a larger effect than ATP. Inactive compounds were 1-methyladenosine, S-adenosyl--methionine and a number of adenine compounds substituted at the N' position.
CoA has a free thiol group. Since thiol reagents can activate the InsP $ R [15, 16] , we had to investigate whether the free SH group on CoA was needed for the potentiation of Ins(1,4,5)P $ induced Ca# + release. Desulpho-CoA, which lacks this terminal thiol group, was equally effective as CoA in stimulating the release (Table 1) . Acetyl-and malonyl-CoA, where the SH group is occupied, also stimulated the release. These findings indicate that CoA was not acting as a thiol reagent. The presence of an etheno group at position N' of the adenine dramatically reduced (1, 4, 5 )P 3 -induced Ca 2 + release by phosphorylation of the ribose Stimulation of Ins(1,4,5)P 3 (1 µM)-induced Ca 2 + release by 1 mM of the indicated compounds and of their phosphorylated derivatives (either in the 2h-or 3h-position) was determined using the same experimental protocol as in Figure 1 . The stimulations were calculated as in Table  1 . The values are expressed as meanspS.E.M. for the number of observations given in parentheses. n.d. : not determined because the compound was not available. the efficiency of CoA, similarly to that observed for AMP, ADP, ATP and NAD (Table 1 ). These findings suggest that CoA stimulated the Ca# + release through its ADP moiety. NAD and NADH also stimulated Ins(1,4,5)P $ -induced Ca# + release ( Table 1) . Kaplin et al. [8] reported previously a stimulation of Ca# + release by NAD and NADH, while in their study NADP and NADPH were totally ineffective in stimulating the cerebellar InsP $ R. We, however, observed a pronounced stimulation of the Ins(1,4,5)P $ -induced Ca# + release by both NADP and NADPH in permeabilized A7r5 cells (Table 1 ). Since NADP(H) differs from NAD(H) by the presence of one phosphate in the 2h-position of the ribose, we investigated the functional consequence of this phosphate in a series of adenine nucleotides ( Table 2 ). All compounds tested remained active when phosphorylated in the 2h-position. It therefore remains unclear why NADP and NADPH were totally ineffective in stimulating the cerebellar InsP $ R [8] . One possible explanation is the fact that cerebellum and A7r5 cells express different isoforms of the InsP $ R [17] , which differ in adenine-nucleotide-binding sites [5, 18] . Table 2 also shows that a phosphate in the 3h-position of the ribose potentiated the stimulatory effect of the adenine nucleotides on the Ins(1,4,5)P $ -induced Ca# + release. This effect was especially striking for CoA, because dephospho-CoA, which lacks the 3h-phosphate, was almost ineffective at stimulating the InsP $ R. The stimulation strictly required an adenine group, since nucleotides derived from guanine, cytosine, uracil or hypoxanthine were much less effective (Table 3) . Di-and tri-phosphates were, however, equally effective (Table 3) .
Bell-shaped stimulation of Ins(1,4,5)P 3 -induced Ca 2 + release by ATP and Ap 5 A
Since the concentrations of ATP needed to stimulate or inhibit Ins(1,4,5)P $ -induced Ca# + release differ in the various reports [6] [7] [8] [9] [10] [11] 14] , we had to determine the effective concentrations in permeabilized A7r5 cells. We therefore measured the Ca# + release in the presence of 1 µM Ins(1,4,5)P $ and a series of ATP concentrations. The stimulation of the Ca# + release by ATP is shown in Figure 2(A) . The stimulation reached a maximum at approx. 1 mM ATP and at higher concentrations, the Ca# + release by 1 µM Ins(1,4,5)P $ again declined. Figure 2 Effect of ATP and Ap 5 A on the threshold for Ins (1, 4, 5) 
The effect of ATP and Ap & A on the threshold for Ins(1,4,5)P $ action was determined as described previously [20] . The [Ins(1,4,5)P $ ] was gradually increased from 3.2 nM to 3.2 µM in the presence and absence of 0.3 mM ATP ( Figure 3A) . Ca# + release was plotted as fractional loss, i.e. the amount of Ca# + leaving the stores in 6 s divided by the total store Ca# + content at that time. The lowest [Ins(1,4,5)P $ ], at which the fractional loss significantly increased above baseline, was taken as the threshold. Figure 3(B) shows the fitting of the data points at the lower Ins(1,4,5)P $ concentrations with the Hill equation ; individual data points were not plotted, in order to better visualize the threshold for Ins(1,4,5)P $ action. ATP (0.3 mM) stimulated Ca# + release induced by supra-threshold Ins(1,4,5)P $ concentrations, but did not change the threshold for Ins(1,4,5)P $ action. ATP (0.3 mM) decreased the EC &! for Ca# + release from 541 to 232 nM Ins(1,4,5)P $ (Table 4) . ATP also increased the co- operativity of the release process, since the Hill coefficient increased from 1.9 to 2.4 ( Table 4 ). The effect of 0.3 mM Ap & A on the threshold for Ins (1, 4, 5) P $ action is shown in Figure 4 . Ap & A only stimulated Ca# + release at supra-threshold concentrations of Ins(1,4,5)P $ . The threshold for initiating Ca# + release was again not affected. This concentration of Ap & A decreased the EC &! for Ca# + release from 541 to 197 nM Ins (1, 4, 5) P $ and increased the Hill coefficient from 1.9 to 2.6 ( Table 4 ). Ap & A was therefore more effective than ATP. (Figure 2A) . The cooperativity of the release was higher at 5.0 mM ATP than at 0.3 mM ATP (Hill coefficient of 3.1 and 2.4 respectively, Stimulatory ATP concentrations (0.3 mM) had no effect on the threshold for Ins(1,4,5)P $ action (Figure 3 ). Since high ATP concentrations shifted the threshold towards higher Ins(1,4,5)P $ concentrations ( Figure 5 ), we were concerned that the lack of effect on the threshold by 0.3 mM ATP could already have been due to some inhibitory effect of ATP. We therefore also tested the effect of a much lower [ATP] (50 µM) on the threshold for Ins(1,4,5)P $ -induced Ca# + release. ATP at a concentration of 50 µM again had no effect on the threshold for Ins(1,4,5)P $ action (results not shown).
Effect of adenine nucleotides on the non-specific Ca 2 + leak
The Ca# + leak in the presence of sub-threshold concentrations of Ins(1,4,5)P $ was affected neither by 0.3 mM (Figure 3 ) nor by 5.0 mM ATP ( Figure 5 ). This finding indicates that ATP did not The non-mitochondrial Ca 2 + stores were loaded to steady state with 45 Ca 2 + and then incubated in efflux medium without ATP and without Ins(1,4,5)P 3 . The efflux medium was supplemented with 1 mM adenosine 5h-tetraphosphate with ($) or without (#) 1 mM ATP during the time period indicated by the horizontal bar. Typical for three experiments.
affect the non-specific Ca# + leak from the stores in saponinpermeabilized A7r5 cells. We also tested the effect of the other adenine nucleotides on the rate of passive Ca# + release from the stores. None of the following compounds had an effect on the non-specific Ca# + leak at a concentration of 1 mM : adenine, adenosine, AMP, ADP, ATP, dATP, 9-β--arabinofuranosyl adenine 5h-triphosphate (ara-ATP), adenosine 5h-[β,γ-imido]triphosphate (p[NH]ppA), adenosine 5h-[γ-thio]triphosphate (ATP[S]), S-adenosyl--methionine, adenosine 5h-phosphosulphate (APS), PAPS, cAMP, CoA, desulpho-CoA, dephospho-CoA, ADP-glucose, ADP-ribose, ATP-ribose, NAD, NADH, NADP, NADPH, FAD, di(adenosine-5h)pyrophosphate (Ap # A), di(adenosine-5h)triphosphate (Ap $ A), Ap % A, Ap & A and di-(adenosine-5h)hexaphosphate (Ap ' A) (results not shown). Adenosine 5h-tetraphosphate was the only compound that affected the non-specific Ca# + leak ( Figure 6 ). This effect was not prevented by the simultaneous presence of 1 mM ATP.
DISCUSSION
We have found that ATP is only one of the many compounds that activate the stimulatory adenine-nucleotide-binding site(s) on the InsP $ R. ATP was not the most effective compound with respect to maximal stimulation or to affinity. This finding evokes the question of whether changes in [ATP] would eventually affect Ins(1,4,5)P $ -induced Ca# + release in an intact cell, where other compounds are also present.
We have further investigated how adenine nucleotides affected Ins(1,4,5)P $ -induced Ca# + release. Our results indicate that stimulatory ATP and Ap & A concentrations had no effect on the threshold for Ins(1,4,5)P $ -induced Ca# + release, but only stimulated Ca# + flux at supra-threshold Ins(1,4,5)P $ concentrations. This finding suggests that ATP enhanced the efficiency of coupling Ins(1,4,5)P $ binding to channel opening. This more efficient coupling was associated with an increase in co-operativity of the Ins(1,4,5)P $ dependence of the release process. The Hill coefficient further increased when the [ATP] was raised to inhibitory levels. This finding indicates that the InsP $ R became
